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The DArk Matter Particle Explorer (DAMPE) is a satellite-borne detector for high-energy cosmic rays and
γ-rays. To fully understand the detector performance and obtain reliable physical results, extensive simulations
of the detector are necessary. The simulations are particularly important for the data analysis of cosmic ray
nuclei, which relies closely on the hadronic and nuclear interactions of particles in the detector material. Widely
adopted simulation softwares include the GEANT4 and FLUKA, both of which have been implemented for the
DAMPE simulation tool. Here we describe the simulation tool of DAMPE and compare the results of proton
shower properties in the calorimeter from the two simulation softwares. Such a comparison gives an estimate of
the most significant uncertainties of our proton spectral analysis.
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I. INTRODUCTION
The magnetic spectrometer experiments such as PAMELA
and AMS-02 have pushed the precise measurements of en-
ergy spectra of cosmic rays (CRs) to rigidities of ∼TV (e.g.,
[1–3]). At higher energies, the measurements still have large
uncertainties, which hinder a better understanding of the ori-
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2gin and propagation of CRs [4]. In recent years, a number
of space calorimeter experiments have been launched, such
as the CALET [5], NUCLEON [6], DAMPE [7, 8], and ISS-
CREAM [9], which have already or are expected to improve
the direct measurements of CR spectra remarkably.
The Dark Matter Particle Explorer, is the first Chinese satel-
lite for astroparticle physics studies. It was launched on De-
cember 17, 2015, and has operated in a sun-synchronous orbit
for more than 4 years ever since. The DAMPE is dedicated
to indirectly detect the annihilation or decay products of dark
matter via high-energy-resolution measurements of CR elec-
trons plus positrons and γ-rays. As a CR particle detector, the
DAMPE can also explore the origin of CRs, as well as the
transient high-energy γ-ray sky [8, 10].
The DAMPE detector is made up of four sub-detectors, in-
cluding a Plastic Scintillator Detector (PSD; [11]), a Silicon
Tungsten tracKer-converter (STK; [12]), a Bismuth Germa-
nium Oxide imaging calorimeter (BGO; [13]), and a NeUtron
Detector (NUD; [14]). These four sub-detectors cooperate to
give high-precision measurements of the charge, direction, en-
ergy, and identity of each incident particle (see Ref. [8] for
more details). The on-orbit calibration shows that the detec-
tor is quite stable with time after the launch [15]. Up to now,
high-precision measurements of the CR electron plus positron
spectrum and the proton spectrum in wide energy ranges have
been reported by the DAMPE collaboration [16, 17].
Dedicated Monte Carlo (MC) simulations of the particle
response in the DAMPE detector, including the impacts of
the modules of the satellite platform, are important for under-
standing the detector performance, such as the evaluations of
efficiencies, the energy and direction responses, and the back-
ground contaminations. For the hadronic CR analysis simula-
tions are even more crucial since the calorimeter only records
a fraction of the particle’s energy and the full energy response
can only be obtained by simulations. Two of the leading soft-
wares widely used for particle simulations are GEANT4 [18]
and FLUKA [19, 20]. GEANT4 is a C++ toolkit to simu-
late the passage of particles through matter. It has a large set
of physics processes handling the complicated interactions of
particles in the matter up to 100 TeV energies. FLUKA is a
FORTRAN based, fully integrated particle physics simulation
package for calculations of particle transport and interactions
with matter in the energy range from MeV up to PeV.
The hadronic showers are essentially hybrid cascades of
hadronic processes and electromagnetic processes. The
inelastic hadronic interactions produce secondary particles
(mainly pions), and charged pions may induce additional
hadronic interactions, while the neutral pions would most
likely decay into photons which experience electromagnetic
cascades further. Other physical processes governing the
hadronic showers include nuclear fragmentation, ionization,
elastic scattering, nuclear de-excitation, and so on [4]. The
HARP-CDP experiments reported the comparison of the pro-
duction yields of the interactions of protons and charged pi-
ons with beryllium, copper, and tantalum nuclei between these
two software tools with the momentum up to 15 GeV/c [21].
A poor agreement between the GEANT4 QGSP BERT [18]
and FLUKA was presented. Recent development of GEANT4
[22] implemented the Fritiof(FTF) [23, 24] model to simulate
the inelastic hadron-nucleus processes over the energy range
up to 100 TeV [25]. FLUKA can simulate the interaction and
propagation in matter of many species of particles with high
accuracy, especially hadrons of energies up to 20 TeV (up to
10 PeV when it is interfaced with the DPMJET3 code [26])
and all the corresponding antiparticles, neutrons down to ther-
mal energies and heavy ions [20].
The hadronic cascade processes have relatively large fluctu-
ations, resulting in relatively large energy dispersion. Usually
the spectral unfolding method is necessary for the reconstruc-
tion of energy spectra of CR nuclei, which depends on the MC
simulations. In this work, we carry out a comparing study of
the proton shower behaviors obtained from the GEANT4 and
FLUKA simulations of the DAMPE detector. Their difference
can be considered as an estimate of the systematic uncertain-
ties of the proton spectrum measurements [17].
II. DETECTOR SIMULATIONS
A. Geometry configuration
Both GEANT4 and FLUKA simulations are based on an ac-
curate geometric model including both the payload and the
satellite platform, which is designed to study various charac-
teristics and performance improvement of the detector. The
sizes, shapes, positions of all components of the satellite in
the designed geometry are measured and validated in detail
during the assembly of the satellite. Meanwhile, the materials
information of all the parts is appended into the geometry. We
take into account accurate atomic composition of different ele-
ments in the detector for precise hadronic and electromagnetic
shower cascade simulation. For most parts of the satellite, the
manufacturers provide detailed element components. For the
remaining filling materials and electronic components whose
compositions were unknown, we send their samples to ana-
lytical laboratories for detailed measurements to get the exact
mass fractions of atoms. Thus, the geometric model of the
entire satellite is established, which accurately describes the
detection units, the supporting structure and the filling cush-
ioning materials of the sub-detectors, as well as the frame and
electronic components of the satellite, as shown in Fig. 1.
The BGO is the core sub-detector of the satellite payload.
The characteristics of its interaction with protons are empha-
sized in this paper. The detailed structure of the BGO is shown
in Fig. 2. We precisely configure the geometry of the BGO
which consists of 14 layers, each with 22 crystal bars. Each
bar is an independent detection unit with independent read-
out circuits at the two ends, assembled in a braced frame with
cushioning material filling all the internal gaps. After a great
deal of measurements and verifications, we configure a pre-
cise BGO model in the geometry.
Following the configuration and validation of the designed
geometry, we call the Geometry Description Markup Lan-
guage (GDML) [27] interface for the specific program imple-
mentation of GEANT4 simulation, called the “GDML geome-
try’. The parameters of the GDML geometry are directly de-
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FIG. 1: The geometric model of the entire satellite, including the
detector payload and the satellite platform.
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FIG. 2: The geometric model of the BGO calorimeter.
rived from the designed documents and measured results and
are checked repeatedly to confirm that this geometry reflects
the real situation of the satellite accurately. The GDML geom-
etry is integrated into the DAMPE offline software framework
[28], which performs a series of standardized procedures (cal-
ibration, reconstruction and analysis) from the real “raw data”,
the original signal collected by each prob cell of DAMPE, to
scientific results. Therefore, the GDML geometry is applied
as a unified interface for the data analysis of DAMPE. On
the other hand, the FLUKA simulation is fully integrated and
closed source code. It only allows the Combinatorial Geom-
etry (CG) [29] interface to develop the geometry. The geom-
etry is rewritten from the GDML for the FLUKA simulation,
called the “CG geometry”. After careful and repeated checks
of these two geometry models in every detail, we are confi-
dent that they are identical between each other and consistent
with the real satellite geometry, although there are slight dif-
ferences in some micro components of the satellite which are
negligible during the simulation.
B. Data process
The data flow for the complete simulation process is shown
in Fig. 3, including primary generation, MC simulations, dig-
itization, reconstruction and analysis. The first package, pri-
mary generation, creates the incident particles feeding the MC
simulation including various distributions of incident posi-
tions, directions and energies. In this work, we generate a
flux of primary protons distributed isotropically with a sin-
gle power-law energy spectrum with the index -1 from 10
GeV to 100 TeV. The GEANT4 simulation package is inte-
grated into the DAMPE offline software framework so that
the GEANT4 simulation can be managed and coordinated as
standardized configuration. We choose the FTFP BERT [22]
from the GEANT4 Physics Lists [25] with the default config-
uration recommended in the GEANT4 documents [30]. The
FLUKA simulation runs in a separate operating environment,
and is performed with the following settings:
• the PEANUT package is activated in the whole energy
range for any reaction;
• the minimum kinetic energy for DPMJET-III is set to
5 GeV/n (applying only to reactions between two nu-
clei heavier than a proton);
• the minimum kinetic energy for RQMD is set to
0.125 GeV/n (applying only to reactions between two
nuclei heavier than a proton);
• the same output format as the GEANT4 simulation.
Primary
Generation
Monte Carlo
Simulation
Digitization Reconstruction Analysis
GDML
Geometry
GEANT4FLUKA
CG
Geometry
FIG. 3: General scheme for the full simulation data process.
4Following numerous tests and validations to the developed
simulation package including a set of algorithms which are
responsible for generating the interactions of particles with
the detector based on both the GEANT4.10.031 and FLUKA
2011.2x2, we allocate massive computing resources to run
these programs, producing the simulation data of billions of
protons.
Then, we run the digitization package to convert the phys-
ical information into the digital signal of each detection unit
assigning a digital ID. In such a way the digital information of
the simulation is in the same format as the real “raw data”. Ac-
cordingly, we can run the reconstruction package which con-
tains large amounts of code for the for building up the phys-
ical signals including deposited energy, reconstructed tracks
and charge of each event from the “raw data”. This package is
organized as a series of algorithms that act successively to pro-
cess the on-orbit data on a daily basis [15]. The massive code
to obtain the scientific results and the instrument performance
of the detector based on the reconstructed data is collectively
referred to as the analysis package, which is the result of col-
lective efforts of many researchers. All the code in the pack-
age undergoes continues enhancement and version update as
the detector comprehension improves with time. Major pub-
lished results were also obtained using the package to analyze
the on-orbit data and simulation data. In these analysis pack-
ages, the event selection packages including a list of selection
conditions for target particles are fundamental for the analy-
ses. In this work, we focus on figuring out some features to
analyze the response of protons in the BGO calorimeter. All
the below results are obtained based on the selected proton
samples following the event selections in Ref. [17].
III. RESULTS
A. Tigger efficiency
Firstly, we investigate the tigger efficiencies for simulations
using GEANT4 and FLUKA. DAMPE has four different trig-
gers implemented on orbit: the Unbiased trigger, the Mini-
mum Ionizing Particle (MIP) trigger, the Low-Energy (LE)
trigger, and the High-Energy (HE) trigger [31]. The Unbiased
and MIP triggers are designed for the detector calibration [15],
while the LE and HE triggers correspond to low threshold and
high threshold triggering signals respectively. In the proton
analysis, the events are required to meet the HE trigger condi-
tion in order to guarantee that the shower development starts
above or at the top of the calorimeter. The HE trigger effi-
ciency is one of the most important factors related to the effec-
tive acceptance estimation. For different hadronic integration
models, the shower start-point and the secondaries from the
first inelastic interaction would be different. As a result, we
1 http://geant4.web.cern.ch
2 https://www.fluka.org
would consider the difference of the HE trigger efficiencies
between GEANT4 and FLUKA simulations.
The HE trigger efficiency is estimated by means of the Un-
biased trigger samples. The Unbiased trigger events are pre-
scaled by a factor of 512 at latitudes ≤ 20◦ and 2048 at lat-
itudes > 20◦. The HE trigger efficiency for protons is com-
puted as
εtrigger =
NHE&Unb
NUnb
, (1)
where NUnb is the number of proton events passing the Un-
biased trigger condition and NHE&Unb is the number of ones
which both pass the HE and Unbiased trigger conditions. Fig.
4 shows the comparison of HE trigger efficiencies among the
flight data, GEANT4 and FLUKA. Despite of the limited statis-
tics of flight data, it suggests that the GEANT4 achieves a good
agreement with flight data in the whole energy range, while
FLUKA presents a systematic deviation of ∼ −5% compared
with the GEANT4 and flight data .
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FIG. 4: The HE tigger efficiencies for protons from FLUKA,
GEANT4 and flight data. The top panel shows the HE tigger ef-
ficiencies defined by Eq. 1. The bottom panel shows the efficiency
ratio of FLUKA and GEANT4 to the flight data.
B. Total energy deposit
The energy of an incident proton is measured by the sum
of energy deposits of all BGO crystals in the calorimeter, i.e.
the total energy deposit. Due to the limited vertical thick-
ness of the BGO calorimeter (∼ 1.6 nuclear interaction length)
and the missing energy due to muon and neutrino compo-
nents in hadronic showers, the total energy deposit measured
by DAMPE would underestimate the intrinsic kinetic energy
of an incident proton. In order to deconvolute the measured
deposit spectrum into the initial spectrum, we need a good
knowledge of the energy response, which is determined by
the MC simulations.
5Energy Deposit Ratio
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
N
um
be
r o
f E
ve
nt
s
200
400
600
800
1000
1200 Beam Data
Simu-GEANT4
Simu-FLUKA
Incident Energy [GeV]
210 310 410 510
En
er
gy
 D
ep
os
it 
Ra
tio
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Simu-GEANT4
Simu-FLUKA
FIG. 5: The energy response for protons from GEANT4 and
FLUKA. The top panel shows the distribution of the ratio of total
energy deposit with respect to the incident energy for on-axis in-
cident proton beams with 400 GeV/c momentum. Black, red and
blue histograms correspond to Beam Data, GEANT4 and FLUKA, re-
spectively. The bottom panel shows the most probable values of the
energy deposit ratios as functions of incident energies for GEANT4
(red) and FLUKA (blue), for an isotropic proton source with an E−2.7
power-law spectrum.
Different hadronic interaction models would present differ-
ent energy response matrices [17], thereby leading to differ-
ent deconvolutions for the initial spectrum of cosmic-ray pro-
ton. Before launch, the Engineering Qualification Model of
DAMPE was extensively tested using test beams at the Eu-
ropean Organization for Nuclear Research (CERN) in 2014-
2015. To compare with the test beam data, we generate MC
samples follwing closely the settings of the test beams, such
as the incident energies, hit points, and directions. We also
apply the same event selections to both the beam test data and
MC data as those in the flight data analysis [17], including
the HE trigger, the track selection, the geometric cut, and the
charge selection. The energy response of DAMPE for the on-
axis incident proton beam with the momenta of 400 GeV/c is
compared with the results from GEANT4 and FLUKA simula-
tions (see the top panel of Fig. 5). Both GEANT4 and FLUKA
achieve good agreements with the beam test data, specifically
at the momenta of 400 GeV/c. To further compare the en-
ergy responses from GEANT4 and FLUKA in the entire en-
ergy range of interest, an isotropic proton source with E−1.0
spectrum from 10 GeV to 100 TeV is generated for the sim-
ulations. In the analysis, the spectra are re-weighted to E−2.7
to be consistence with the CR flux. The most probable values
of the deposited energies obtained by fitting the energy ra-
tio probabilities with an asymmetric gaussian function, along
with the incident energy, are shown in the bottom panel of Fig.
5. The energy responses of GEANT4 and FLUKA show an en-
ergy dependent difference from 10 GeV to 100 TeV, in con-
sequence, the deconvoluted proton spectra based on GEANT4
and FLUKA should have different spectral indices.
C. Longitudinal development
The longitudinal development of a hadronic shower is
highly determined by the first inelastic interaction point, i.e.
the inelastic scattering cross-section between the incident pro-
ton and the detector material. We calculate the ratios of the en-
ergy deposits in different BGO layers with the total energy de-
posit to describe the longitudinal shower development. Fig. 6
shows the comparisons of layer energy ratios among flight
data, GEANT4 and FLUKA. While the DAMPE calorimeter
is the thickest one in space, still the hadronic showers at these
energies cannot be fully contained and a proportion of energy
leaks in the bottom, as shown in the 4 plots on the right side
of Fig. 6. Both simulations (GEANT4 and FLUKA) show good
agreements of the longitudinal shower development with the
flight data.
D. Transverse development
The transverse shower development, however, is intimately
associated with the distribution of the types of subsidiary
particles created through the interactions. We calculate the
shower spread to characterize the transverse development,
expressed by the energy-weighted root-mean-square (RMS)
value of hit positions in the calorimeter. The RMS value of
the fired ith layer is calculated as:
RMS i =
√
Σ j(x j,i − xc,i)2E j,i
Σ jE j,i
(2)
Where x j,i and E j,i are the coordinates and energy deposit of
the jth bar in the ith layer, and xc,i is the energy-weighted cen-
tre coordinate of the ith layer. Fig. 7 show the comparisons
of RMS values in different layers among flight data, GEANT4
and FLUKA. The differences among the FLUKA, GEANT4
and flight data suggest some systematical uncertainties. Over-
all, the results of GEANT4 show a better agreement with the
flight data than the FULKA. Based on the comparisons, we
conclude that GEANT4 carries out a more reliable simulation
for the transverse development of the proton shower.
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FIG. 6: The longitudinal shower development for protons from GEANT4 and FLUKA. The 4 plots on the left side show the energy ratio
distributions in 4 typical BGO layers for total energy deposit between 1000 GeV and 1580 GeV. Black, red and blue histograms correspond to
flight data, GEANT4 and FLUKA, respectively. The 4 plots on the right side show the profiles of layer energy ratio in 4 typical energy deposit
ranges.
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FIG. 7: The transverse shower development for protons from GEANT4 and FLUKA. The 4 plots on the left side show the RMS distribu-
tions in 4 typical BGO layers for total energy deposit between 1000 GeV and 1580 GeV. Black, red and blue histograms correspond to Flight
data, GEANT4 and FLUKA, respectively. The 4 plots on the right side show the profiles of layer energy ratio in 4 typical energy deposit ranges.
E. Effect on the proton spectrum
The absolute proton flux F in an incident energy bin
[Ei, Ei + ∆Ei] can be calculated as
F(Ei, Ei + ∆Ei) =
Ninc,i
Aeff,i ∆Ei Texp
; Ninc,i =
n∑
j=1
Mi jNdep, j ,
(3)
where Ninc,i is the number of events in the ith incident energy
bin, Ndep, j is the number of events in the jth deposited energy
bin, Mi j is the response matrix, Aeff,i is the effective accep-
tance, ∆Ei is the width of the energy bin, and Texp is the ex-
posure time. Ninc,i in each incident energy bin can be obtained
via the unfolding procedure based on the Bayes theorem [32].
The proton spectrum depends closely on the effective ac-
ceptance and the energy response matrix, both are obtained
from MC simulations. The acceptance is obtained through
calculating the fraction of events in each incident energy bin
survived from the whole selection procedure, and the response
matrix is obtained by counting the fraction of events in the
deposited energy bin j for given incident energy bin i. We
applied the same selections as the flight data analysis [17] to
obtain the corresponding effective acceptances and energy re-
sponse matrices for protons. The effective acceptance from
the FLUKA sample is lower than that from the GEANT4 sam-
ple by ∼ 5%, which is dominated by the trigger efficiency dif-
ference (see Fig. 4). On the other hand, the energy response
difference between two MC softwares (see Fig. 5) results in
a complex effect on the fluxes after the spectrum deconvo-
lution. The overall proton flux difference between GEANT4
and FLUKA is shown in Fig. 8. Even though the maximum
difference can be large as 10%, the global spectral structures
are consistent with each other. Based on the comparisons
of shower development, we chose the GEANT4 spectrum as
the benchmark, and take the difference between GEANT4 and
FLUKA as the uncertainty. As shown in Fig. 8, the proton
flux difference varies from −6.6% to 9.8%, which is taken as
the systematic uncertainty due to different hadronic interac-
tion models [17].
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IV. CONCLUSION
As a calorimeter-based experiment, DAMPE depends heav-
ily on the precise simulation of the interactions between the
incident particle and the detector. Due to the limited verti-
cal thickness of the DAMPE calorimeter and the large un-
certainty for the hadronic interactions, the proton measure-
ment is highly associated with the simulation of the shower
development. The comparison of the proton simulations of
DAMPE between GEANT4 and FLUKA has been carried out
in this paper. We find that for given deposited energies, these
two simulations give basically similar results in describing the
longitudinal developments of the proton showers in the BGO
calorimeter. The lateral distributions, however, show several
differences. For the overall energy deposition, the FLUKA
results are higher by (3 ∼ 8)% for primary energies below 1
TeV, and lower by (2 ∼ 5%) above 1 TeV. The shower de-
velopments also affect the trigger efficiency evaluation of pro-
tons, which is leading to a deviation about 5% between the
results of these two simulation softwares. The overall uncer-
tainties due to the hadronic models are estimated to be about
10%.
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